Objective: Obesity-related diabetes is caused by insulin resistance and ␤-cell dysfunction. The current study examines changes in food intake, weight loss, body fat depots, oxygen consumption, insulin sensitivity, and incretin levels as potential mechanisms for improved glucose tolerance after Roux-en-Y gastric bypass (RYGB). Methods: Three groups of genetically obese Zucker rats were studied: RYGB, sham surgery pair-fed (PF), and sham surgery ad libitum (AL) fed rats. Changes in body weight, visceral and subcutaneous fat depots, oral glucose tolerance, insulin sensitivity, and the plasma concentrations of insulin, glucagon, glucagon-like peptide-1 (GLP-1), glucose-dependent insulinotropic peptide, and peptide YY (PYY) were measured. Results: Body weight and subcutaneous fat were decreased after RYGB, compared with the PF and AL groups. The reduction in visceral fat after RYGB appeared largely because of food restriction. Glucose tolerance and insulin sensitivity were significantly improved in only the RYGB group (P Ͻ 0.05 vs. AL, PF). Euglycemic, hyperinsulinemic clamp studies indicated RYGB improved the ability of insulin to stimulate peripheral (eg, skeletal muscle) glucose uptake. Fasting total GLP-1, glucose-dependent insulinotropic peptide, and PYY levels were similar between the groups, whereas postprandial plasma levels of intact GLP-1 (7-36) amide, total GLP-1, and PYY were increased in the RYGB group compared with PF and AL controls. Conclusions: Glucose homeostasis after RYGB is associated with decreased subcutaneous fat, increased postprandial PYY, GLP-1, and insulin, as well as improved insulin sensitivity/action. Changes in food intake and visceral fat do not seem to explain improvements in insulin action after RYGB in the Zucker rat model.
O besity is a leading cause of morbidity and mortality worldwide.
Morbid obesity, its most severe form, afflicts 23 million Americans. 1 Surgery is currently the most effective treatment for morbid obesity. 2 The Roux-en-Y gastric bypass (RYGB) is the most common bariatric procedure performed in the United States. The RYGB produces durable weight loss and significant improvements in obesity-related medical conditions including: hypertension, hyperlipidemia, sleep apnea, arthritis, infertility, and type 2 diabetes mellitus (T2DM). [2] [3] [4] [5] Many patients demonstrate significant improvements in T2DM shortly after RYGB surgery, before significant weight loss. 6, 7 This observation has raised questions regarding the relative importance of decreased food intake, weight loss, changes in fat depots, and/or bypass of the hormonally active foregut in improving obesityrelated insulin resistance. 8 The current study examines potential mechanisms for early postoperative glucose homeostasis after RYGB using the genetically obese Zucker rat model.
Obesity in the Zucker rat is an autosomal recessive trait (fa/fa) caused by defective leptin receptors. 9, 10 Heterozygous lean Zucker rats are normal, whereas the obese Zucker rat develops progressive insulin resistance, glucose intolerance, hyperlipidemia, and hypertension. 11 The obese Zucker rat has been used extensively to study obesity-related insulin resistance and is therefore an excellent model for investigating how RYGB improves glucose homeostasis. 12 In the obese Zucker rat, peripheral insulin resistance is characterized by moderately elevated circulating glucose levels, hyperinsulinemia, abnormal glucose tolerance, and increased pancreatic ␤-cell mass. 11 Peripheral insulin resistance in this model is because of defective insulin signaling, reductions in the insulinsensitive glucose transporter (GLUT4) expression and insulin-stimulated GLUT4 membrane translocation. 13, 14 Early improvements in glucose homeostasis after RYGB may be because of decreased food intake, weight loss, or changes in body composition. Alterations in the secretion or activity of enteric (incretin) or adipose (adipokine) hormones have also been implicated in the resolution of T2DM after RYGB surgery. 15, 16 Incretins are peptides secreted by the gut which augment insulin secretion and glycemic control in response to oral (vs. intravenous) glucose, and fat intake. 15 Glucose-dependent insulinotropic peptide (GIP) is secreted by K cells in the duodenum and jejunum whereas glucagonlike peptide-1 (GLP-1) is secreted by L cells in the distal small bowel. 15 Both GIP and GLP-1 bind specific receptors on pancreatic ␤-cells to increase islet cell mass and stimulate insulin secretion. 15 Extrapancreatic effects of GLP-1 include the stimulation of glucose metabolism in liver and muscle. 17, 18 GIP levels are not altered in T2DM, but reductions in ␤-cell GIP receptors and postreceptor defects in GIP signaling have been identified. 19 Impaired GLP-1 release and action have also been identified in T2DM. 20 Thus, alterations in incretin synthesis or activity represent a potential mechanism for improved insulin sensitivity after RYGB surgery.
The quantity and distribution of body fat and the synthesis of adipokines have also been shown to be important in the development of insulin resistance. 21 Accumulation of visceral fat in particular is associated with insulin resistance and removal of visceral fat improves insulin sensitivity and glucose homeostasis. 22 The secretion of adipokines ͓tumor necrosis factor (TNF␣), interleukin-6 (IL-6), and resistin͔ by visceral and subcutaneous fat contribute to insulin resistance at the tissue level and are associated with impaired insulin signaling in muscle and other tissues. 23 The current study was designed to examine the effects of RYGB and pair-feeding on body weight, adipose tissue depots, glucose tolerance, insulin sensitivity, and incretin production. Our data indicate RYGB-induced changes in gastrointestinal anatomy (foregut bypass and enhanced delivery of undigested nutrients to the ileum) result in improved glucose tolerance and insulin action associated with increased GLP-1 concentration.
MATERIALS AND METHODS

Animal Care and Surgery
Three groups of male Zucker rats, 10 to 12 weeks of age (Charles River Breeding Laboratories, Wilmington, MA) were studied: RYGB, sham surgery pair-fed (PF) and sham surgery fed ad libitum (AL). Data from 79 rats were included the study: RYGB (34), PF (23), and AL (22) . Body weight data was reported for all animals. The number of animals in each experimental group for different experiments is reported in the figure legend. Animals were housed in wire bottom cages to prevent coprophagia. Except for pretest overnight fasting and the immediate postoperative period, animals had free access to water and chow (Harlan Teklad 2018). The experimental protocols were approved by the Institutional Animal Care and Use Committee at the Pennsylvania State University, College of Medicine.
Before surgery, animals were randomized to the RYGB, PF, or AL groups. The RYGB procedure was performed using a modification of the technique described by Xu et al. 24 The day before surgery rats were made fasted, but provided water. After randomization, rats were weighed, and then anesthetized with isofluorane (3% for induction, 1.5% for maintenance). Ceftriaxone 100 mg/kg intramuscular (Roche, Nutley, NJ) was given as a prophylactic antibiotic. Under sterile conditions a midline laparotomy was performed. Intestinal manipulation was performed in the 2 shamsurgery groups followed by abdominal closure. In the RYGB group, the stomach was divided using a GIA stapler (ETS-Flex Ethicon Endo surgery 45 mm) to create a 20% gastric pouch, the small bowel was divided to create a 15 cm biliopancreatic limb, a 10 cm alimentary (Roux) limb, and a 33 cm common channel. The gastrojejunal and jejunojejunostomies were performed using interrupted 5-0 silk sutures, followed by abdominal closure using 3-0 silk and 5-0 prolene. Surgical incisions were injected with 0.5 mL of 0.25% bupivicaine to minimize postoperative discomfort. All rats were injected subcutaneously with normal saline ͓50 mL/kg, before the start of surgery, immediately after surgery, and again on postoperative day (POD) 1͔. After surgery, animals were housed individually and body weight and food consumption were monitored daily. To allow the surgical anastamoses to heal, animals were not allowed to eat or drink until 24 hours after surgery. Approximately 24 hours after surgery, animals were started on a liquid diet consisting of Resource (Novartis, NY) and access to water AL. Regular chow was started on POD 3, to ensure adequate healing of the stomach and bowel anastamoses. The PF group was given the same amount of food as the RYGB rats consumed and the AL group was allowed to eat AL.
Oral Glucose Tolerance Tests (OGTT) and Insulin Sensitivity
OGTTs were performed preoperatively and repeated on POD 21. Blood was collected by tail snip before (t 0 ), and 30, 60, 90, and 120 minutes after oral gavage with 1.25 g/kg 25% dextrose in tubes containing 50 mmol/L EDTA, 12 TIU/mL aprotinin, and 100 mol/mL dipeptidyl peptidase-4 inhibitor. Glucose was measured by glucometer (OneTouch Lifescan, Johnson and Johnson, New Brunswick, NJ). Insulin was measured by enzyme-linked immunosorbent assay (ELISA) (ALPCO Diagnostics, Windham, NH) according to the manufacturer's guidelines. Changes in glucose tolerance were compared by analyzing area under the curve (AUC). AUC was calculated using the area under the t 0 starting and t 120 ending points for each experimental group. Changes in insulin sensitivity were estimated by mathematical analysis of fasting and postprandial glucose and insulin levels using HOMA (Go X Io/ 22.5), the quantitative insulin sensitivity check (QUICKI) 1/͓log(I 0 ϩ log G 0 ͔, and insulin sensitivity index (ISI) 10,000/ ͓fasting plasma glucose (FPG) ϫ fasting plasma insulin ͔ ϫ mean OGTT glu ϫ mean OGTT insulin. [25] [26] [27] [28] In the above equations, G 0 and I 0 are the glucose and insulin concentrations before the start of the OGTT.
Measurement of Visceral and Subcutaneous Fat
Before surgery and on POD 28 after RYGB surgery, magnetic resonance imaging (MRI) was used to quantify visceral and subcutaneous. 29 Animals were sedated using inhalational halothane anesthesia and placed supine within a 15 cm quadrature rf coil. T1 gradient echo images were obtained using a 3T Bruker NMR spectrometer/imager using the following parameters: TR/TE: 350 milliseconds/2.2 milliseconds (in-phase), 4.5 milliseconds (out-of phase), 10 cm FOV 256 ϫ 256 matrix, and 5 mm section thickness. Total image acquisition time was 1.5 minutes per acquisition. In-plane pixel resolution was 0.39 mm. Duplicate single slice measurements in the L4 -L5 region of the spine were taken in 2 sequential studies. Visceral fat areas at this level correlate well with total visceral fat. 30 Manual segmentation of the fat depot images was performed using Adobe Photoshop's (Adobe Systems Incorporated, San Jose, CA) version 7.0 "magic wand" function to generate regions of interest for subcutaneous and intra peritoneal fat areas. Histograms were generated to determine the number of fat-containing pixels in each region of interest. A pooled coefficient of variation (CV%) was calculated from the variation in visceral and subcutaneous measurements using a test/retest protocol. The CV% was 2.5% for subcutaneous and 3.4% for visceral fat, respectively. Preoperative values were normalized to 1 and compared with values from the same rats on POD 28.
Indirect Calorimetry
Energy expenditure was measured preoperatively and on POD 14 using indirect calorimetry (Oxymax, Columbus Instruments) as previously described. 31 Animals were acclimated in the chamber for 2 hours. Briefly, constant airflow (3.0 L/min) was drawn through the chamber and monitored using a mass-sensitive flow meter. The concentrations of oxygen and carbon dioxide were monitored at the inlet and outlet of the metabolic chambers and used to calculate oxygen consumption (VO 2 ) and RQ. Each chamber was measured for 1.0 minutes at 15 minutes intervals for 22 hours.
Hyperinsulinemic, Euglycemic Clamp
On POD 28, Zucker rats were anesthetized using 1% to 3% isofluorane and catheters placed in the jugular vein and carotid artery as previously described. 32 After surgery animals were housed in individual cages, fasted overnight, and provided water AL. The next morning, a primed, constant intravenous infusion of ͓3-3 H͔ glucose (high performance liquid chromatography purified; DuPont-New England Nuclear, Boston, MA) was initiated to determine basal glucose kinetics. [33] [34] [35] A 7-Ci bolus injection of labeled glucose was administered followed by a continuous infusion at a rate of 0.083 Ci/min for 2 hours. Arterial blood samples (0.3 mL each) were collected at 100 and 120 minutes after the start of the tracer infusion. Blood was collected in heparinized syringes, centrifuged, and the plasma glucose concentration and glucose specific activity were determined on each sample. Then, regular human insulin (Eli Lilly, Indianapolis, IN) was infused at a rate of 100 mU ⅐ min Ϫ1 ⅐ kg Ϫ1 for 3 hours. This infusion rate results in steady-state plasma insulin concentrations of ϳ5000 U/mL. [33] [34] [35] This insulin concentration was used because it maximally stimulates glucose disposal by the whole body and skeletal muscle regardless of fiber type in both normal and insulin-resistant conditions. Titrated glucose was not infused during the clamp because earlier studies indicated this insulin infusion rate completely suppressed endogenous hepatic glucose production in control and obese animals (data not shown). Arterial plasma glucose was measured every 10 to 15 minutes using a glucose analyzer (Analox) and an infusion of 30% D-glucose was used to maintain euglycemia (ϳ100 mg/dL) during the clamp. The plasma glucose and glucose infusion rate were determined over time. Because the prevailing insulin levels during the hyperinsulinemic clamp completely suppress endogenous glucose production, the rate of whole body glucose disposal equals the exogenous glucose infusion rate. The increment in insulin-stimulated glucose uptake for each animal was calculated by subtracting the basal endogenous rate of glucose disappearance from the measured rate of glucose disposal determined during the last 40 minutes of the clamp.
Measurement of GLP-1, GIP, Glucagon, and Peptide YY
Plasma levels of intact and total GLP-1 were measured on timed plasma samples before and after oral gavage with 1.25 g/kg 25% dextrose. A C-terminal radioimmunoassay for amidated GLP-1 was performed as previously described. 36 -38 Briefly, polyclonal antiserum (code 89390) to a synthetic PG 97-107amide ͓GLP-1 (26-36)amide͔ was raised in rabbits, coupled to bovine serum albumin with carbodiimide. Antiserum 89390 has an absolute requirement for amidated C-terminus of GLP-1. Standard and I 125labeled tracer are PG 78-107amide ͓GLP-1 (76-36)amide͔ and separation of antibody-bound from free peptide was performed using plasma-coated charcoal. The total GLP-1 assay has a detection limit of 1 pmol/L and an ED 50 of 25 pmol/L. Intra-and interassay coefficients of variation are Ͻ 6% and Ͻ15%, respectively. 36, 37 Intact GLP-1 7-36 amide levels were measured on the same samples using a 2-site sandwich assay as previously described. 38 The intact GLP-1 (7-36)amide assay has a detection limit of 0.5 pmol/L with intra-and interassay coefficients of variation of 2% and 5%, respectively. Total PYY levels were measured on timed plasma samples before and after gavage with a solution of 25% dextrose and 20% Intralipid (1.25 g/kg and 1.5 g/kg, respectively). Intralipid was used for the postprandial PYY measurements based on the role of ingested lipid in its release. 39 A commercially available ELISA for rat PYY (ALPCO Diagnostics, Salem, NH) was used to measure PYY according to the manufacturer's instructions. GIP and glucagon concentrations were measured on plasma from timed pre and posttest meal samples before and after gavage with 25% dextrose/20% intralipid using a commercially available ELISA for rat GIP (Linco Research, St, Charles, MO) and an electrochemiluminescence based immunoassay for rat glucagon (n ϭ 6/group, Meso Scale Discovery, Gaithersburg, MD).
Statistical Analysis
Data are presented as mean Ϯ standard error. The number of animals in each experimental group is specified in the figure legends. The statistical analysis of data from different experimental groups was performed using ANOVA followed by the Tukey-Kramer or Student-Newman Keuls posttest using Instat GraphPad 5.02 (San Diego, CA). Statistical analysis of pre and postoperative data within a group (eg, MRI and VO 2 data) was performed using a paired Student t test. Differences among groups were considered significant at P Ͻ 0.05.
RESULTS
The mean body weights of the RYGB (634 Ϯ 14 g), PF (587 Ϯ 14 g), and AL (593 Ϯ 14 g) groups before surgical intervention were similar, though the RYGB group was slightly heavier. Changes in body weight over time for the different experimental groups are shown in Figure 1 . Compared with their presurgery weights, weight loss in the RYGB group was maximal at 84 g or 13% of total body weight POD 24 and stabilized at that level for the remainder of the 28 day study period. In contrast, the PF group only lost weight for 12 days (4.2% total body weight), then gained weight for the rest of the study, whereas the AL group gained weight continuously. During the 28 day postoperative period the AL group gained 85 Ϯ 23 g, in comparison to the PF group which gained 19 Ϯ 21 g, and RYGB animals which lost 78 Ϯ 18 g (P Ͻ 0.001 vs. PF, AL). There were no significant differences in oxygen consumption between the groups on POD 14 (data not shown).
Glucose Tolerance
Before surgical intervention, there were no significant differences in glucose tolerance curves between the groups (not shown in figure) . To assess the effects of RYGB on glucose homeostasis, OGTTs were performed on POD 21 ( Fig. 2A ). Mean fasting plasma glucose levels (mg/dL) were 92 Ϯ 7 in heterozygous lean ZRs (not shown), 191 Ϯ 21 in the AL group, 159 Ϯ 9 in the PF group, and 143 Ϯ 6 in the RYGB group, (P Ͻ 0.05 vs. AL). Glucose levels were elevated to a similar extent in all groups 30 minutes postgavage, but were significantly higher in the PF and AL groups at 60 and 90 minutes postgavage (P Ͻ 0.05 vs. RYGB). Glucose tolerance in the RYGB animals was significantly improved as indicated by a 29% reduction in the AUC for blood glucose (Fig. 2B , *P Ͻ 0.05 vs. PF, AL). On POD 21, pregavage insulin levels (ng/mL) were similar in the PF (8.6 Ϯ 2.5) and AL (7.9 Ϯ 0.9) groups, but were significantly decreased in the RYGB (4.2 Ϯ 0.7, *P Ͻ 0.05 vs. PF, AL) group. As shown in Figure 2C , postgavage insulin levels in the PF and AL groups remained elevated and stable over time, whereas the insulin levels in the RYGB group more than doubled at 30 minutes (10.7 Ϯ 1.9), then decreased to basal levels from 60 to 120 minutes postgavage.
By POD 21, the RYGB animals demonstrate reductions in both basal insulin and glucose levels relative to PF and AL controls suggesting an improvement in insulin sensitivity. We used several mathematical models to examine the relationship between plasma glucose and insulin as an indicator of insulin sensitivity including the HOMA, QUICKI, and ISI. 25, 27, 28 On POD 21 the RYGB group demonstrated significant improvement in insulin sensitivity compared with PF and AL animals as indicted by the improvement in ISI (Fig. 2D) , HOMA, and QUICKI (Table 1) . Glucose Homeostasis After RYGB
Hyperinsulinemic, Euglycemic Clamp
The hyperinsulinemic, euglycemic clamp is commonly viewed as the "gold standard" for assessing in vivo insulin action.
With this technique, insulin is administered to rapidly raise the insulin concentration while glucose is infused to maintain euglycemia. Basal glucose concentrations were highest in the AL group, intermediate in the PF group, and lowest in the RYGB group (Fig.  3A) . Steady-state glucose concentrations achieved during the clamp were not different between the groups (Fig. 3C ). Plasma insulin concentrations were not determined because previous studies had shown the insulin infusion rate in the current study achieves circulating levels of insulin that maximally stimulate glucose uptake by peripheral tissue (eg, skeletal muscle) and completely suppress hepatic gluconeogenesis. [33] [34] [35] The basal glucose turnover rates (Fig.  3B) were similar between the groups. However, insulin stimulated glucose disposal (mg/min/kg) was 2-fold greater in the RYGB group compared with either the PF or AL control groups (Fig. 3D ).
Measurement of Visceral and Subcutaneous Fat
Because changes in total body weight are not necessarily indicative of changes in body composition, we examined changes in FIGURE 2. Effect of RYGB on POD 21 glucose tolerance and insulin sensitivity. A, Fasting (t 0 ) and postgavage glucose levels (mg/dL) were measured 30, 60, 90, and 120 minutes after gavage with 1.25 g/kg 25% dextrose on POD 21 in the RYGB-E-(n ϭ 24), PF-Ⅺ-(n ϭ 15), and AL-f-(n ϭ 15) groups. B, Glucose AUC was calculated as described in Methods for each of the experimental groups. C, Plasma insulin levels (ng/mL) were measured before (t 0 ), 30, 60, 90, and 120 minutes after dextrose gavage on POD 21 in the RYGB-E-(n ϭ 24), PF-Ⅺ-(n ϭ 15), and AL-f-(n ϭ 15) groups. D, Insulin sensitivity index was calculated as described in Methods for each of the glucose tolerance curves in panels A and C. Data are mean Ϯ SE, *P Ͻ 0.05 versus PF and AL for all panels. visceral and subcutaneous fat depots over time in a cohort of animals using MRI. The cross-sectional area of subcutaneous and visceral fat for each animal was determined before surgery, normalized to 1, and then compared with values from the same rats 28 days later. Representative MRIs from each group are shown in Figure 4A . The POD 28 visceral fat in the RYGB group was essentially unchanged (3% decrease) from preoperative values (Fig. 4B) whereas the subcutaneous fat was decreased by 13% (Fig. 4C) . The POD 28
visceral fat increased approximately 13% in the PF and 31% in the AL group (Fig. 4B) , whereas the subcutaneous fat increased only 5% in the PF and 11% in the AL groups (Fig. 4C ).
Measurement of GLP-1, GIP, Glucagon, and PYY
The dramatic postgavage increase in plasma insulin levels observed in the RYGB animals prompted investigation into the effect of RYGB on plasma incretin levels. Fasting total GLP-1 levels FIGURE 3. Euglycemic, hyperinsulinemic insulin clamp. Panels A, and C, Basal and steady-state plasma glucose concentrations were determined before and during the clamp procedure, respectively, as described in Methods for the AL (n ϭ 5), PF (n ϭ 4), and RYGB (n ϭ 4) groups on POD 21. Panels B, and D, Basal glucose turnover (mg/min/kg) was determined before the start of the clamp using a constant infusion of 3 H-glucose. Whole body glucose disposal (mg/min/kg) was determined during the last 1 hour of the clamp and represents the average glucose infusion rate during this time frame. Data are mean Ϯ SE, *P Ͻ 0.05 RYGP versus PF and AL for all panels. 
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Glucose Homeostasis After RYGB were similar in the AL, PF, and RYGB groups (Fig. 5A ). However, after dextrose gavage, the changes in plasma GLP-1 over time differed between the groups. Plasma GLP-1 levels remained between 35 and 22 pmol/L in the PF and AL groups from 30 to 120 minutes after gavage. In contrast, the 30 minutes postgavage total GLP-1 level increased 2-fold in the RYGB group (*P Ͻ 0.05 vs. PF, AL) and gradually decreased over time. Levels of intact, biologically active GLP-1 7-36 amide were measured on the same samples (Fig. 5B ). Fasting and 30 to 60 minutes postgavage GLP-1 7-36 amide levels were elevated in the RYGB group (*P Ͻ 0.05 vs. PF, AL). We also examined fasting and postgavage total GIP levels in the different groups (Fig. 5C ). Fasting total GIP were not different between the AL, PF, and RYGB groups. However, postprandial GIP levels increased 5-to 9-fold from 30 to 60 minutes after gavage with the glucose/intralipid mixture. Although the rate of postprandial increase in GIP was more rapid in the RYGB group, there were no significant differences in plasma GIP concentrations between the groups over time. The fasting glucagon levels were also similar between the groups (n ϭ 6/group; AL 202 Ϯ 52 pg/mL; PF 186 Ϯ 9 pg/mL; RYGB 199 Ϯ 22 pg/mL). Postprandial plasma glucagon levels (30 to 120 minutes) were similar to fasting in the PF and AL groups. However, plasma glucagon levels increased from 199 Ϯ 22 pg/mL to *247 Ϯ 10 pg/mL at 30 minutes after the test meal (*P Ͻ 0.05 vs. fasting), then decreased to baseline in the RYGB group (data not shown). To determine whether RYGB altered the secretion of other gut-derived peptides we measured fasting and postprandial levels of PYY after gavage with the glucose/intralipid mixture ( Fig.   FIGURE 5 . RYGB alters postprandial gut peptide secretion. Fasting (t 0 ) and postgavage plasma samples were collected at 30, 60, 90, and 120 minutes after gavage on POD 21 as described in Methods. Data are mean Ϯ SE, *P Ͻ 0.05 RYGB versus PF and AL for all panels. A, Total GLP-1 and B, Intact GLP-1 are in pM, RYGB-E-(n ϭ 9), PF-Ⅺ-(n ϭ 9), and AL-f-(n ϭ 9). Total GIP C, is reported in pg/mL, and PYY D, is reported in ng/mL, RYGB-E-(n ϭ 11), PF-Ⅺ-(n ϭ 8), and AL-f-(n ϭ 8).
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Annals of Surgery • Volume 249, Number 2, February 2009 5D). The fasting concentration of PYY was also not different between the RYGB, PF, and AL groups. Plasma levels of PYY were essentially unchanged for 120 minutes after gavage in the PF and AL groups. In contrast, a 2-fold increase in PYY was noted in the RYGB group 30 minutes after gavage (*P Ͻ 0.01 vs. PF, AL), and remained elevated for the duration of the 120 minutes study period.
DISCUSSION
The genetically obese Zucker rat develops much of the pathophysiology observed in morbidly obese patients including: progressive insulin resistance, glucose intolerance, hyperlipidemia, and hypertension. 10, 11, 40 Gastric bypass in the obese Zucker rat was first described in 1984, but was not used to investigate mechanisms of weight loss until 2002. 24, 41 Although the Zucker rat is commonly used to study insulin resistance and T2DM, this is the first study examining the effects of RYGB on glucose homeostasis in this model. In patients, the RYGB procedure bypasses Ͼ95% of the distal stomach and the proximal jejunum resulting in bypass of the "foregut" and enhanced delivery of undigested nutrients to the ileum. Weight loss after RYGB is commonly ascribed to mechanical restriction of food intake, some degree of malabsorption, and "dumping syndrome" caused by ingestion of concentrated sweets. 42 Several anatomic factors limit the restrictive nature of the RYGB procedure in the Zucker rat including the thin walled gastric rumen which is unsuitable for stapling and the location of gastroesophageal junction along the lesser curvature of the stomach. Because of these anatomic factors a 20% gastric pouch with a divided RYGB was used in the current study as problems with staple line disruption were reported when a nondivided RYGB was performed. 24 Using this technique the RYGB group sustained significant weight loss compared with the PF and AL groups during the 28 day study period, albeit less than the 30% reduction in total body weight commonly reported after RYGB in humans. Because POD 14 VO 2 was similar between the groups, differences in weight loss between the PF and RYGB groups were probably not caused by differences in energy expenditure. The effects of surgery on nutrient absorption were not examined in the current study, but represent a potential cause for differences in weight loss between the PF and RYGB groups.
The relative impact of RYGB compared with pair-feeding on glucose homeostasis was examined by comparing POD 21 OGTTs. The OGTT is commonly used to test for prediabetes or T2DM and determines how quickly glucose is cleared from the blood after a standard glucose load. Using the 1999 World Health Organization and 2004 Expert Committee criteria: fasting plasma glucose levels Ͼ100 mg/dL denote impaired fasting glycemia and glucose Ͼ200 mg/dL at 120 minutes confirm the diagnosis of T2DM. 43 Based on these criteria, all 3 groups demonstrate impaired fasting glycemia and the 120 minutes plasma glucose data indicate T2DM in both the PF and AL groups, whereas the RYGB group has improved to glucose intolerant. Although post-RYGB glucose tolerance is significantly improved relative to obese Zucker controls, it remains somewhat impaired relative to unoperated lean heterozygous Zucker controls (data not shown). Changes in glucose tolerance are noted at 6 to 7 weeks of age in the obese Zucker rat model and worsen over time. 10 Consequently, the finding that post-RYGB animals demonstrate some evidence of glucose intolerance on POD 21 is not surprising. The severity and duration of T2DM, as well as the magnitude of postoperative weight loss seem to be predictive of T2DM resolution after RYGB in morbidly obese patients. 44 Therefore, the timing of surgical intervention (10 -12 weeks) may have impacted the responsiveness of glucose homeostasis in the current study. Nonetheless, the observation that glucose tolerance remained similar in PF and AL controls suggests decreased nutrient intake alone does not explain the early improvement in glucose homeostasis after RYGB.
Circulating glucose represents a critical nutrient for many tissues. The plasma glucose concentration represents the equilibrium of multiple metabolic processes including: dietary intake and absorption, glucose production (via gluconeogenesis and glycogenolysis), and glucose utilization. During the fasted state the glucose concentration is determined primarily by hepatic glucose output and glucose utilization by peripheral tissues. The postprandial increase in plasma glucose triggers insulin release from pancreatic ␤-cells by stimulating fusion of insulin-containing vesicles with the plasma membrane. Circulating insulin acts to reduce hepatic glucose production and increase peripheral GLUT4-mediated glucose uptake by striated muscle and adipose tissue. Muscle represents the principal site of insulin-stimulated glucose transport in vivo accounting for more than 75% of peripheral glucose uptake. 14, 45 However, postprandial hyperglycemia also increases glucose uptake by essentially all tissues via noninsulin glucose uptake which is independent of GLUT4 and mediated by mass action effect of the substrate. In the obese Zucker rat, peripheral insulin resistance is because of defective insulin signaling, reductions in the insulin-sensitive GLUT4 expression, and impaired insulin-stimulated GLUT4 membrane translocation. 13, 14 The release of nonesterified fatty acids and adipokines from adipose tissue is hypothesized to result in decreased responsiveness of peripheral tissues (muscle, liver, adipose) to insulin, a condition referred to as insulin resistance. 45 The physiologic response to obesity-related insulin resistance initially involves a compensatory increase in pancreatic ␤-cell mass and insulin secretion in the obese Zucker rat. 46 Consequently, an assessment of circulating insulin is important in the interpretation of the change in plasma glucose levels during the OGTT. The reduction in fasting insulin observed in the RYGB animals relative to PF and AL controls suggests an improvement in insulin sensitivity as a mechanism for post-RYGB glucose homeostasis. However, these models do not indicate whether this improvement in insulin action occurs at the level of the liver or peripheral tissues. To this end, we used the euglycemic, hyperinsulinemic clamp to directly assess peripheral (mainly skeletal muscle) glucose uptake under maximally insulin stimulating conditions. Our data clearly indicate that RYGB improves the ability of insulin to increase peripheral glucose uptake and this improvement can not be attributed to the reduction in food intake.
The distribution of body fat between the subcutaneous and visceral depots is an important determinant of insulin action. The relative abundance of visceral fat in particular correlates with insulin resistance and surgical removal of visceral fat has been shown to improve insulin sensitivity. 22, 47 Therefore, serial MRI scans were performed in a subgroup of animals to determine whether RYGB or decreased nutrient intake preferentially affects either the subcutaneous or visceral fat depots. After RYGB, a 13% reduction in subcutaneous fat was seen with only a 3% reduction in visceral fat. The reduction in subcutaneous fat after RYGB appeared independent of food intake, whereas the post-RYGB decrease in visceral fat was largely because of decreased food intake. This finding is consistent with data from Xu et al in the Zucker rat model where reductions in retroperitoneal and epididymal fat depots after RYGB were primarily related to decreased nutrient intake. 24 Collectively these results provide evidence that reductions in the relative abundance of visceral fat do not explain the observed improvements in insulin action and glucose tolerance after RYGB in the Zucker rat model.
An important limitation of the current study is the lack of data on the effects of RYGB on the synthesis and/or secretion of hormones and metabolites from adipose tissue which could potentially influence insulin sensitivity. The release of inflammatory Annals of Surgery • Volume 249, Number 2, February 2009 Glucose Homeostasis After RYGB cytokines (eg, TNF, IL-6, MCP-1) from adipocytes and macrophages in visceral fat has been implicated in the pathogenesis of T2DM. 48 Likewise, the synthesis and secretion of metabolically active proteins or adipokines (eg, resistin, leptin, visfatin) by adipose tissue represents a potential mechanism for obesity-related insulin resistance that is not addressed by our results. 47, 49 Consequently, the effects of RYGB on cytokine/adipokine synthesis by adipose tissue represents an important area for future study as a potential contributory mechanism for post-RYGB glucose homeostasis. Despite this caveat, the observed changes in postprandial gut peptide production provide evidence that alterations in incretin production may contribute to improvements in glycemic control after RYGB. GIP is secreted by K cells in the duodenum and jejunum in response to ingested fat and glucose. GLP-1, a product of the proglucagon gene is secreted by L cells of the distal ileum and colon in response to intraluminal fats and carbohydrates. GIP and GLP-1 are rapidly degraded by dipeptidyl peptidase-4 starting shortly after secretion. Differential processing of the proglucagon gene results in multiple circulating proglucagon peptides. However, only the GLP-1 7-36 amide and Gly-extended forms are bioactive and stimulate insulin release from pancreatic ␤-cells. As a result of DPPIV degradation, Ͻ25% of newly secreted GLP-1 reaches the portal circulation as the intact, active form and only 10% to 15% reaches the systemic circulation. 15 This observation has raised concerns regarding the importance of portal GLP-1 concentrations in regulating glucose homeostasis and represents a potential limitation of the current study which only measured systemic incretin levels. 50 Normally, GIP and GLP-1 induce ␤-cell proliferation, inhibit apoptosis, and stimulate glucose-dependent ␤-cell insulin secretion via specific receptor-mediated pathways. 15, 16, 51 The simultaneous increase in plasma GLP-1 and insulin concentrations observed 30 minutes after gavage in the RYGB group suggests the insulinotropic effect of GLP-1 on pancreatic ␤-cells contributes to glycemic control. However, the relative importance of incretinmediated insulin release versus incretin-mediated improvement in peripheral insulin sensitivity/action in post-RYGB glycemic control is difficult to ascertain because both mechanisms are likely involved. Although there do not seem to be GLP-1 receptors in either muscle or liver, extrapancreatic effects of GLP-1 on insulin-independent glucose disposal/metabolism in liver and muscle have been described. 17, 18 More recently, GLP-1 receptors on vagal afferents in the portal vein were shown to improve glucose tolerance without altering the concentration of circulating insulin. 50 Consequently the increase in total and intact GLP-1 7-36 amide observed after RYGB potentially acts by multiple mechanisms to improve glucose homeostasis. The increase in total plasma GLP-1 after gavage may be because of hyperplasia of intestinal endocrine cells. Increased expression of proglucagon, proconvertase 1/3, and chromogranin genes has been described in the transposed ileal segment after ileal transposition and supports a potential role for gut endocrine hyperplasia as a contributing factor. 52 Although fasting and postgavage plasma GIP concentrations were similar to controls after RYGB, the insulinotropic effects of GIP seem to be decreased in T2DM as a result of reductions in ␤-cell GIP receptors and postreceptor defects in ␤-cell GIP signaling. 19, [53] [54] [55] Consequently, evaluating the effects of RYGB on GIP bioactivity will require a more detailed analysis of the relative abundance of GIP receptors and postreceptor signaling events in pancreatic ␤-cells. The increase in postprandial PYY observed after RYGB is consistent with changes in PYY noted after RYGB in morbidly obese patients. 56, 57 Although PYY is a known satiety factor posited to mediate postsurgical reductions in appetite and improved satiety, there is no evidence that postgavage changes in PYY contribute directly to post-RYGB improvements in glucose homeostasis. The finding of paradoxical hyperglucagonemia after RYGB in the current study is consistent with results of Laferrere et al who observed a post-OGTT increase in glucagon 1 month after RYGB in morbidly obese patients with T2DM. 58 The foregut and "hindgut" hypotheses have been proposed to explain the effects of postsurgical RYGB intestinal anatomy on insulin resistance and T2DM. 7 The foregut hypothesis suggests bypass of the duodenum and proximal jejunum alone improves T2DM. 59 The hindgut hypothesis suggests enhanced delivery of undigested nutrients to the ileum stimulates gut peptide secretion by mucosal L cells (eg, GLP-1, PYY) which act to inhibit appetite and improve glucose homeostasis. Several studies have examined fasting and postprandial gut peptides in morbidly obese patients after RYGB. 57, 60, 61 Korner et al noted an exaggerated postprandial insulin response and changes in ghrelin and PYY consistent with increased satiety as a mechanism of weight loss after RYGB. 56 Similar changes in postprandial glucose tolerance, insulin, GLP-1, PYY, and GIP levels were recently described as early as 1 month after RYGB in morbidly obese patients. 60 However, the current study is the first to characterize fasting and postprandial incretins after RYGB in the obese Zucker rat model and directly assess insulin action using the euglycemic hyperinsulinemic clamp. Although fasting levels of total GLP-1, GIP, and PYY were similar in the experimental groups, the postprandial increase in GLP-1, GIP, PYY, and insulin in the RYGB group seems to correlate with improvements in insulin sensitivity and glucose homeostasis. Importantly, the changes in glucose homeostasis and gut peptide secretion in the Zucker rat model resemble those observed in post-RYGB patients confirming its utility as an experimental model for metabolic research on obesity and T2DM.
